Unconventional superconductivity (SC) is generally believed to be mediated by fluctuations associated with ordering (magnetic, orbital or charge) found in the normal state of the material 1, 2 .
support a spin-driven mechanism for nematic order in FeSe and provide an important step towards a universal description of the normal state properties of the iron-based supercon-
ductors.
Unconventional superconductivity (SC) is generally believed to be mediated by fluctuations associated with ordering (magnetic, orbital or charge) found in the normal state of the material 1, 2 .
For the high-temperature iron-based superconductors, a leading candidate is the ubiquitous stripelike antiferromagnetic (AFM) fluctuations associated with the magnetic ordering in the normal state. In some scenarios, these same spin fluctuations also lead to "nematic" electronic order,
identified by a tetragonal-to-orthorhombic (T-OR) structural transition 4, 5 . However, the magnetic origin of nematicity has been recently challenged by the unusual properties of FeSe 6, 7, 8, 9, 10, 11, 12 .
For most iron-based superconductors, including AFe 2 As 2 (A = Ca, Sr, Ba) and RFeAsO (R = rare earth) and NaFeAs, stripe-like AFM order and nematic order, in the form of a T-OR transition, occur either simultaneously or in relatively close proximity in temperature, and both can be tuned by doping or applied pressure. At ambient pressure, FeSe undergoes a T-OR transition at T s = 90 K, but no ordered AFM state has been observed 13 . Evidence both for and against the presence of magnetic order in FeSe under applied pressure has been reported 14, 15, 16, 17 , and when magnetic order has been found, the magnetic transition temperature, T m , was reported to increase with pressure whereas the structural transition was suppressed 18, 19 . Furthermore, superconductivity in FeSe shows a four-fold increase to a transition temperature of T c = 37 K under pressure 14 , accompanying the increase of T m 20, 18, 19 . Taken together, the absence of magnetic order in the presence of nematic order at ambient pressure, and the opposing evolutions of magnetic and nematic order with pressure, cast doubt on the notion of a cooperative relation between magnetism and structure as the origin of the nematic order in FeSe 6, 7, 8, 9, 10, 11, 12 .
Electrical resistivity measurements under applied pressure provide valuable information regarding the existence of phase transitions in the p-T phase space, but microscopic measurements under pressure are required to fully elucidate the underlying nature of the transitions, the associated order parameters, and the relationship between the magnetism and structure of FeSe. Although direct microscopic information concerning the magnetic structure is best obtained using neutron diffraction, several previous measurements have been unsuccessful in detecting the expected small ordered magnetic moment 17, 19 . Therefore, we have employed both high-energy x-ray diffraction (HE-XRD), on Station 6-ID-D, and time-domain Mössbauer spectroscopy through nuclear forward scattering (NFS), on Station 16-ID-D, at the Advanced Photon Source to study the structural and magnetic transitions in FeSe under pressure. An important feature of our measurements is that they were each performed on FeSe single crystals prepared using KCl/AlCl 3 chemical vapor transport 21 , which were thoroughly characterized in previous studies 22, 23 . For such high-quality single-crystals, both T s and T m were observed in resistivity measurements, which facilitated a mapping of the phase diagram 18, 22, 19 . The batch used for the HE-XRD experiment was characterized with DC magnetization and electrical resistivity measurements, and yielded sharp superconducting transitions at T c = 8.7 − 8.8 K at ambient pressure. Samples for the NFS experiment were prepared similarly using 94% isotopically pure 57 Fe, and had T c values between 8.5 -8.8 K.
The essential results of our study are summarized in Fig. 1 . Figure 1a shows that FeSe undergoes a continuous T-OR transition at ambient pressure at T s = 90 K. This is observed as a splitting of the (HH0) Bragg peaks related to the in-plane orthorhombic lattice parameters a OR and b OR . At an applied pressure of 1.5 GPa (Fig. 1b) , this structural transition is suppressed to T s = 32 K. However, as the temperature is further lowered there is a subsequent abrupt increase of the splitting at 19 K. When the pressure is increased to 1.7 GPa only the discontinuous T-OR transition remains, and T s increases to 35 K at 3.1 GPa (Fig. 1d) . In order to correlate the features observed in the HE-XRD measurements with the evolution of the magnetism in FeSe,
Figs. 1e and f show the NFS (time-domain Mössbauer spectra) at two different pressures, 2.5
GPa and 4.0 GPa. The small hyperfine field associated with magnetic ordering in FeSe is quite challenging for conventional Mössbauer spectroscopy 14 , but is readily observed in the data from our NSF measurements. The distinctive feature in these spectra is the minimum at intermediate delay times, which is determined by a convolution of the magnetic hyperfine field, quadrupolar splitting, and effective sample thickness (see Methods Section). Our fits to these spectra find that the shift in the minima at approximately 30 K (p = 2.5 GPa) and 40 K (p = 4 GPa) is attributable to the presence of a hyperfine field at these temperatures and pressures, which confirms the onset of magnetic order in FeSe under pressure.
The order parameters determined from fits to the HE-XRD data, and the evolution of the hyperfine field are shown in Fig with strong magnetoelastic coupling and a transition to stripe-like magnetic order 3, 24 . In Fig. 2b we show the evolution of the hyperfine field, H hf , extracted from fits to the NFS data measured at applied pressures of 2.5 and 4.0 GPa ( Fig. 1e and 1f ). The relatively small saturated values of approximately 2.5 and 3.0 T, respectively, correspond to a small ordered moment on the order of 0.2 µ B /Fe, consistent with the estimates from previous zero-field muon spin-resonance (µSR) experiments 17 and the difficulty in detecting a magnetic signal in earlier conventional Mössbauer measurements 14 . We also find that T N and the saturation value of H hf increases with increasing pressure, consistent with the previous µSR studies 16, 17 . Although the density of data points is rather low, Fig. 2b suggests that the NFS spectra at 4.0 GPa is consistent with a strong discontinuous transition, whereas the magnetic transition at 2.5 GPa could be described as weakly first-order.
Perhaps most importantly, the HE-XRD data show that the T-OR transition does not vanish above 1.7 GPa where T s , as inferred from resistivity measurements, would extrapolate to zero 18, 10 .
Rather, the abrupt onset of the structural transition and the significant coexistence range of the tetragonal and orthorhombic phases (inset of Fig. 2c ) demonstrate that the structural and magnetic transitions merge to a simultaneous first-order magneto-structural transition as shown in Fig. 3 These results lend support to a spin-driven mechanism for nematic ordering in FeSe. In Figure 4 , we compare the schematic phase diagrams of BaFe 2 As 2 and FeSe with trends derived from recent theoretical studies of spin-driven nematicity 5 . Figure 4a sketches the sequence of structural and magnetic phase transitions for BaFe 2 As 2 as a function of doping. For Co substitution for Fe in the only difference being the observed initial decrease of T s as pressure is lowered, rather than the displayed decrease. One must, however, consider the relative strengths of the interactions in such models 5, 27 and how these interactions evolve with pressure. In particular, the stiffening of the elastic constants with increasing pressure can result in a decrease in T s relative to its value at ambient pressure. Similarly, an increase in the magnetic interaction, indicated by the increase in the magnetic ordering temperature and ordered magnetic moment with increasing pressure, can push T s, m for the coupled magneto-structural transition to higher temperature.
Methods
HE-XRD measurements were performed on the six-circle diffractometer at station 6-ID-D at the Advanced Photon Source, using 100.3 keV x-rays and a beam size of 100×100 µm 2 . A sample with dimensions 120×120×20 µm 3 was loaded into a membrane-driven copper-beryllium diamond anvil cell (DAC). A tungsten gasket with an initial thickness of 120 µm was pre-indented to a thickness of 70 µm, and a 660 µm hole was laser-drilled to accommodate the sample and pressure calibrants (ruby spheres and silver foil), as shown in Fig. 1e . Helium gas was used as the pressure transmitting medium and loaded at p = 0.5 GPa. The pressure was initially determined by the fluorescence lines from ruby spheres at ambient temperature, and, during the diffraction measurements, was determined in-situ by analyzing selected Bragg peaks from the silver foil. The 
